Vibrational energy harvesters capture mechanical energy from ambient vibrations and convert the mechanical energy into electrical energy to power wireless electronic systems.
Thermal energy harvesting
Thermal gradients arise as a result of many processes, including the burning of fuel and geothermal processes. Thermoelectric energy harvesters extract electrical energy from temperature gradients. The energy extraction is enabled by the Seebeck effect, in which the temperature difference across a conductor or semiconductor results in a net flow of electrons from the high-temperature side to the low-temperature side so that an electrical current (and voltage) are generated.
One example of thermoelectric harvesting may be found in [Kishi 1999] . Kishi et al.
developed a thermoelectric device that can power a wrist watch. With a temperature difference of 2C between the high-temperature substrate and the low-temperature substrate, the thermoelectric device can produce an power output of 5.6 mW with a load resistance of 1 k. A wrist watch can be driven by connecting 16 such thermoelectric devices in series at room temperature.
However, the performance of such thermoelectric energy harvesters is limited by the available temperature difference of the application and the Carnot efficiency. The requirement of high temperature difference for high power output conflicts with the low temperature difference available in many applications, such as harvesting energy from the human body.
RF energy harvesting
In the presence of electronics or radiated power sources such as TV/radio transmitters and mobile base stations, there are typically electromagnetic fields. Another group of energy harvesters can generate electrical power by capturing energy from the electromagnetic field in the free space. The high-frequency electromagnetic energy can be converted into electrical current by using a dipole antenna to capture the electromagnetic waves and a diode connected across the dipole to rectify the AC current into DC current. Aparicio et al. and Lu et al. recently present a good introduction and review of such energy harvesters [Lu 2015 , Aparicio 2016 . Although electromagnetic energy sources usually have low power densities (0.01-0.1
W/cm
2 ) as compared with other sources [Lu 2015] , the power in free space can be useful for remotely distributed sensors. However, in order to capture enough electromagnetic energy from waves in free space, independent antennas and matching circuits need to be specifically designed, which is challenging for electronics requiring small device volumes. for such one-dimensional spring-mass system can be written as
where y(t) is the displacement of the platform and z(t) is the relative motion of the proof mass with respect to the platform.
In equation (2.1), the converted energy is modeled as the energy dissipated through the electrical damping. In a conventional spring-mass-damper system such as the one described here, the dissipation is proportional to the velocity. This model is accurate for harvesters using electromagnetic transducers; for example, the velocity of a magnet can drive changes in magnetic flux through a coil, which then induce voltages. For some other transduction mechanisms, such as piezoelectric transducers, the energy conversion is proportional to displacement rather than velocity. However, although the spring-mass-damper model may not accurately describe the energy conversion for all transducers, results from this model are often used for analysis of harvesting performance. 
where Y0 is the amplitude of the acceleration on the proof mass, ζT is the total damping coefficient including mechanical damping and electrical damping, and ωn is the resonant frequency of the system. The power output reaches its maximum value when the excitation frequency equals the resonance frequency. Thus the power output at the harvester's resonance frequency can be derived as . Other examples of harvesters using electromagnetic transducers can be found in [Shearwood 1997 , El-hami 2001 , Spreemann 2012 , Salauddin 2016 .
ii Electrostatic energy harvesters
An electrostatic energy harvester usually consists of a fixed electrode plate and a movable electrode plate with a separation between the two. Charges are stored between the two plates by connecting the harvester to a voltage source before operation. The voltage across the capacitor is 6) in which Q represents the charge and C represents the value of capacitance. The capacitance C can be expressed as
in which 0 is the dielectric constant of free space, A is the overlap footprint area of the two plates forming the capacitor, and D is the vertical distance between the two plates.
The generated power comes from the work done against the electrostatic force when relative movement between the two electrode plates changes the capacitance. The electrostatic force depends on the capacitor's geometry and the amount of charge stored. Mitcheson et al.
concluded that at the micro-scale, electrostatic transducers become more suitable than electromagnetic transducers as they are more compatible with MEMS fabrication and produce greater power densities [Mitcheson 2008 ].
An example of an electrostatic energy harvester is found in [Meninger 2001 ]. The harvester consists of a proof mass with comb fingers on both sides, a pair of folded springs connecting the mass to the anchors, and two stationary combs interdigitating with the mass' combs. When the mass oscillates, the capacitance between the two pairs of combs changes, which generates electrical current. The device was predicted to achieve a power output of 8 W. Such a system's power output can be improved by increasing the capacitance change during mass oscillation, for example by using longer comb fingers or by adding more fingers.
iii Piezoelectric energy harvesters 
Energy capture by vibrational energy harvesters
In vibrational energy harvesters, mechanical energy is converted into electrical energy in two steps. First, mechanical energy is captured from ambient vibration and delivered to the transducer. Second, the transducer converts the delivered energy from the mechanical domain into the electrical domain. Regardless of the chosen type of transducer, challenges often exist in the first step, which limits the frequency range and power output of such energy harvesters.
As discussed in the context of equation (2.2), resonant harvesters only have large displacements when the excitation frequency is at their resonance frequencies. Resonant systems usually have narrow bandwidths of harmonic oscillation, so that such harvesters can only have improved power output in a small frequency range. This makes such harvesters challenging for applications in which the ambient frequency varies over time.
Another challenge is that the maximum power of a resonant harvester is limited by the maximum displacement of its proof mass and increases with higher excitation frequency as shown in equation (2.3). For a resonant system with a fixed resonance frequency, increasing the excitation frequency beyond the resonance will quickly reduce the displacement of the proof mass. On the other hand, increasing the maximum possible displacement of the structure will inevitably decrease the resonance frequency of the system. Hence it is important to find a solution in which resonant harvesters can be driven at a low resonance frequency but are capable of generating power at a high frequency.
i Frequency up-conversion
For resonant systems, the technique called frequency up-conversion has been extensively studied recently [Kulah 2008 , Jung 2010 , Pozzi 2011 , Gu 2011 , Tang 2011 , Pillatsch 2012 , Zhu 2015 . In frequency up-conversion, the system couples into low frequency ambient excitations and delivers some of the captured energy to the parts of the transduction mechanism, which has a higher characteristic frequency of operation. The system usually consists of a low-resonance driving element that couples to the low ambient driving frequency and a generating element that has high resonance frequency for increased power output. Low-frequency ambient motions can be converted to higher frequency motions of the generating element via the interaction between the two elements. Frequency up-conversion can decrease resonant systems' high resonance frequency to permit large internal displacements of the driving element while retaining efficient power output at the transducer's high resonance frequencies.
Frequency up-conversion can be accomplished by physical contact (usually impact) of a driving element with the generating element [Pozzi 2011 , Gu 2011 , Jung 2010 , Liu 2014 , Liu 2015 or through non-contact interactions such as magnetic force [Kulah 2008 , Tang 2011 , Zhu 2015 . For both types of interactions, the operation mode of frequency up-conversion can be categorized based on the type of interaction dynamics between the driving element and the generating element. In some cases [Gu 2011 ], the driving element and generating element bounce off each other. In other cases [Pozzi 2011 ], the driving element and the generating element pass each other, so that the generating element is plucked. Such a harvester's performance largely depends on the dynamics of frequency up-conversion.
Gu et al. describe the modeling and experimental demonstration of a harvester using coupled-motion frequency up-conversion [Gu 2011] . The system has a low-frequency driving beam that impinges on a higher-frequency piezoelectric generating beam. After impact, the driving beam bounces off the generating beam. During the bounce, the beams move together in something called coupled motion. After the bounce, the beams move separately. The repeated bouncing leads to recurring cycles of coupled and individual motion of the two beams, similar to a person bouncing on a trampoline. In coupled-motion frequency up-conversion, power is generated primarily during the two beams' coupled motion and exceeds that produced by a comparably-sized, conventional single-beam harvester.
An example of plucked frequency up-conversion harvesting is demonstrated in [Pozzi 2011] . A set of PZT bimorph beams are mounted on a rotor. When the rotor rotates, the PZT beams move relative to plectra that are mounted on a surrounding stator. As the harvester operates, each PZT bimorph is repeatedly plucked by the plectra mounted on the stator. When a plectrum moves past a PZT generating beam, it first deflects it, then moves past it and releases it to ring down. This architecture enables the mechanical energy that drives the stator's low frequency rotational motion to be extracted by the generating beams at their higher resonance frequency. Pillatsch et al. reported another example of plucked harvesting in [Pillatsch 2012 ]. In that device, a metal cylinder rolls inside a track above an array of piezoelectric beams with magnets at their tips. Plucking is achieved by the magnetic force between the metal cylinder and the tip magnets of the generating beams.
In frequency up-conversion, the use of a low-frequency driving element reduces the system's resonance for better coupling into human-induced motions. However, the large displacement of the driving element significantly increases the operating volume of the harvesting system. This issue can be improved by separating the proof mass from the transducer to form a non-resonant system. ii Resonance broadening As a resonant system usually has a single harmonic with a narrow bandwidth [Qian 2013 , Cassella 2016 , broadening a resonant harvester's frequency range for improved power output is highly desired. Resonant harvesters' bandwidth can be extended by using nonlinear systems.
Nonlinear systems can be achieved by adding nonlinear elements such as nonlinear springs or motion stops into the resonating system. Thorough reviews of such energy harvesters using nonlinear systems are given in [Zhu 2010 , Harne 2013 .
One approach to adding nonlinear elements is to make the spring k in the spring-mass system nonlinear. This can be realized by replacing the traditional spring with a nonlinear Duffing spring. For Duffing springs, the spring force behaves as , in which x represents the displacement of the proof mass. When the displacement is small, the linear part dominates the spring force. When the displacement increases, the nonlinear term begins to dominate the spring force, causing the resonance to shift towards the driving frequency.
An example of resonant harvesters using nonlinear springs can be found in [Mann 2009 ].
The harvester has a center magnet as the proof mass suspended by two side magnets fixed on the top and bottom of the support, both repelling the center magnet. The magnetic restoring forces between the side magnets and the center magnet perform as the nonlinear spring. More recently, Salauddin et al. presented an electromagnetic energy harvester using a magnetic spring as well [Salauddin 2016] . The system's resonance shifts with the driving frequency, increasing the frequency range of improved power.
Another approach to broaden resonant harvesters' frequency range is to build a nonlinear system by using bistable systems. A bistable system has two statically stable equilibrium states. When the amplitude of excitation increases or the driving frequency gets close to the resonance frequency, the proof mass impacts the end stops so that the device behaves nonlinearly. With motion stops, such a harvesting system usually performs a voltage or power saturation phenomenon (power plateau) around the resonance frequency, instead of the voltage or power peak observed for a typical linear system without motion stops. Although the peak power is decreased due to the power plateau, the frequency range is significantly increased.
iii Resonance tracking
Resonant harvesters' resonance frequencies can also be tuned to match a time-varying driving frequency. The narrow bandwidths of resonant energy harvesters can be extended by tuning key elements of the mass-spring system, namely the stiffness of the spring, to match the system resonance to the varying driving frequency. Many examples are given in [Zhu 2010 , Harne 2013 Another example of a passively-tuned harvester is found in [Miller 2013] , in which a selftuning phenomenon was discovered for a resonant harvester. In their device, a slider, as the proof mass, can move freely on a double-clamped piezoelectric beam. When the driving frequency changes, the proof mass can slide along the beam adapting the resonance frequency to the driving frequency. All of the systems demonstrated in [Miller 2013 ] achieve wide bandwidth between 6 Hz and 40 Hz. Other examples of passively-tuned energy harvesters can be found in [Marzencki 2009 , Wang 2012 , Liu 2012 .
